Sarcopenia and frailty are highly prevalent in older individuals, increasing the risk of disability and loss of independence. High intensity interval training (HIIT) may provide a robust intervention for both sarcopenia and frailty by achieving both strength and endurance benefits with lower time commitments than other exercise regimens. To better understand the impacts of HIIT during aging, we compared 24-monthold C57BL/6J sedentary mice with those that were administered 10-minute uphill treadmill HIIT sessions three times per week over 16 weeks. Baseline and end point assessments included body composition, physical performance, and frailty based on criteria from the Fried physical frailty scale. HIIT-trained mice demonstrated dramatic improvement in grip strength (HIIT 10.9% vs −3.9% in sedentary mice), treadmill endurance (32.6% vs −2.0%), and gait speed (107.0% vs 39.0%). Muscles from HIIT mice also exhibited greater mass, larger fiber size, and an increase in mitochondrial biomass. Furthermore, HIIT exercise led to a dramatic reduction in frailty scores in five of six mice that were frail or prefrail at baseline, with four ultimately becoming nonfrail. The uphill treadmill HIIT exercise sessions were well tolerated by aged mice and led to performance gains, improvement in underlying muscle physiology, and reduction in frailty.
Men and women who are physically inactive are at greater risk for sarcopenia, a condition of lower muscle mass, quality, and function (1) that plays a pivotal role in the onset and progression of frailty (2) . Despite well-established benefits of exercise in preventing sarcopenia, only 52% of adults aged 65 and older meet guidelines for aerobic activity (3) and only 12%-20% of adults older than 65 years routinely participate in strength training exercises (3, 4) . The most prevalent barrier to exercising reported in a survey involving older individuals (>60 years) is "not enough time" (5) , suggesting that there would be greater participation in exercise modalities that achieve benefits with less time commitment.
High intensity interval training (HIIT) exercise modalities encompass intense intervals alternated with periods of lower intensity for recovery, providing physiological benefits in less time than traditional exercise regimens (6) . In particular, Tjønna and colleagues (7) demonstrated that a single 4-minute exercise session at 90% of maximal heart rate, three times a week over 10 weeks, improved VO 2 max in inactive but otherwise healthy 35-to 45-yearold men. Fiatarone and colleagues pioneered the use of HIIT as an intervention for those of advanced age, finding excellent tolerance, strength, and gait speed improvements, in frail nonagenarians (8) . HIIT was also shown to be safe and effective in healthy 70-yearold men (9) , and further studies identify a range of HIIT benefits in healthy older populations (>60 years old) that include quadriceps hypertrophy and cardiovascular improvement (10) , enhancement of myofibrillar and sarcoplasmic proteins (11) , greater muscle power (12) , and improvement of health-related quality of life (13) . However, the potential of HIIT as an intervention for frail older adults remains poorly understood.
Animal models may provide a deeper understanding of the physiological benefits of exercise and have been used to model the impacts of advanced age. In particular, animal models are now emerging as tools to examine the progression and underlying mechanisms of frailty (14) (15) (16) (17) (18) (19) , and more recently, frailty was shown to predict survival in rats (20) . Here we employ a novel HIIT program in aged mice and study the impacts on frailty status. Our findings reveal improvement across several domains of physical performance as well as underlying muscle physiology. Furthermore, we also identify improvement of frailty status as determined using a mouse frailty assessment tool with parameters that closely align to those used in the Fried physical frailty scale for humans (21) .
Materials and Methods

Mice
All studies and experimental protocols were approved by and in compliance with guidelines of the University at Buffalo and VA Western New York Healthcare System Animal Care and Use Committees. At all times mice were provided ad libitum access to chow/water and were individually housed. Twenty-two-month-old male C57BL/6 mice were acquired from the NIA aging mouse colony and at 24 months of age were randomly assigned to either sedentary (SED) or high intensity interval training (HIIT) groups (n = 12 for each group). Mice and chow from cages were weighed on a weekly basis. After 16 weeks, animals were sacrificed and heart, soleus, and extensor digitalis longus muscles were isolated and immediately weighed. In addition, 4-month-old C57BL/6 mice were acquired from Charles River Laboratories for physical performance assessments as a reference for performance in our aged cohorts (n = 19), and for which hearts were harvested (n = 7) and weighed following 16 weeks in similar housing as the aged cohorts.
Dual-Energy X-ray Absorptiometry
Analysis of bone mineral density, body fat %, and lean mass was performed using a Lunar PIXImus II (Inside Outside Sales, LLC., Fitchburg, WI). Animals were anesthetized and then analyzed with a single scan at baseline and end point.
Physical Performance Assessment
All assessments were performed by the same investigator who was blinded to the identity of the mice. In addition, the different assessments were performed in the same order over the course of 1 week at baseline and end point, and each was performed at the same time of day.
Grip strength meter
Mice were assessed in the best three of five trials whereby the mouse is placed on the force meter (Columbus Instruments, Columbus, OH) allowing all four limbs to grip the grid. The mouse is then pulled, whereas the body remains horizontal, until loss of grip. This process is repeated twice more with roughly 1 second between attempts, and the maximal score for the three attempts is recorded as the score for that trial. Trials are separated by no less than 10 seconds for rest (mouse left inactive on grip meter stage).
Treadmill
Mice are acclimated to the treadmill device (Exer 3/6, Columbus Instruments) 1 month prior to baseline assessments. Treadmill endurance assessment consists of one trial whereby the treadmill accelerates from 5 to 35 m/min over 60 minutes (increasing at a rate of 1 m/min per 2 minutes). End point occurs if the mouse touches the shock grid 10 times, receives 20 total shocks (if a mouse stays on the shock grid for multiple shocks), or runs a total of 120 minutes. To assess uphill sprint capacity, mice receive a 60-s warm up at 5 m/min and then run in intervals of 20 seconds starting at 7 m/min, then 10 m/min, and increase by 1 m/min thereafter-with 20-second periods of relative rest (belt at 5 m/min) between intervals. Trials end at exhaustion as defined by the mouse touching the shock grid three times or receiving seven total shocks. The treadmill is inclined at 25°, and assessment is performed as a single trial with the uphill sprint score being the speed (meter per minute) of the last completed interval prior to exhaustion.
Gait speed analysis
Gait speed analysis was performed on an apparatus that features an 8 cm wide × 12 cm tall × 1 m long channel that opens into a darkened "safe house" box (22) . Mice were then scored on the quickest two of three trials whereby the mouse is placed at the start of the device and timed until the mouse reaches the "safe" house.
Rotarod analysis
Mice are acclimated 1 month prior to assessments. At each time point, mice are assessed in the best two of three trials whereby mice are timed until fall from the rotarod device (Med Associates Inc., Fairfax Vermont) as it accelerates from 4 to 40 revolutions/min over 300 seconds. The trial is stopped if the mouse falls, stays on the rotarod for 360 or more seconds, or the mouse retains a grip on the cylinder for two complete revolutions within 10 seconds. Mice are given no less than 15 minutes of rest in home cages between trials.
Activity monitor
Activity monitoring was performed as a single 30-minute trial on an eight-station device (Med Associates Inc.) that features infrared beams that track the mice over the time period and allow automated software (Med Associates Inc.) quantitation of quadrant crossings and total rearings. The experimenter was a minimum of 3 feet away from all mice during activity monitor assessments.
Exercise Protocol
Prior to initiating the exercise training protocol, mice were placed into various speed intensity groups based on baseline uphill sprint data (Table 1) . High intensity interval training exercise was performed on an inclined treadmill (25°) using a custom program of 10 minutes, starting with a 3-minute warm-up period at base speed (Table 1) , followed by three intervals of a 1-minute sprint speed interspersed with a 1-minute period of relative rest at base speed, and then a final 1-minute accelerating interval (from sprint to dash speed; Figure 1A ). Mice that discontinued running were motivated to continue by prodding with a tongue depressor. Mice that were not able to complete the exercise program despite prodding were assigned to lower-intensity groups on the next session, whereas mice that did not require any prodding in two consecutive sessions were assigned to higher-intensity groups. Exercise sessions were performed 3 days a week. At baseline and end point, mice were assessed on the initial baseline program as the percent of the program complete before receiving five total shocks.
Muscle Histology
NADH staining was performed on 10-µm frozen muscle sections. Sections were submerged in a solution containing 1 mg/mL NADH (Sigma, St Louis, MO), 1 mg/mL Nitro Blue Tetrazolium (VWR #TCD0844), and 0.2 M Tris-HCl buffer at pH 7.4 for 45 minutes at 37°C. Sections were then immersed in a series of acetone baths (30%, 60%, 90%, 60%, 30% v/v), rinsed in distilled water for 1 minute, and dehydrated by immersing in ethanol (95%, 100%, 100% v/v) and xylene (2 × 100% v/v) for 1 minute each, before finally mounting a cover slip with Cytoseal (Fisher #23-244257). A blinded investigator identified and tallied fiber types and also measured cross-sectional area of the fibers using Motic software (Motic, Hong Kong).
Mitochondrial Biomass
Total DNA was isolated from soleus and anterior tibialis muscle using a Qiagen Tissue Quick mini-prep kit (Qiagen, Germantown, MD). Primers were designed to amplify mitochondrial DNA (forward: CCGCAAGGGAAAGATGAAAGA, reverse: TCGTTTGGTTTCGGGGTTTC) and nuclear DNA (hexokinase gene, forward: CCCTGTCATGTCCCTTTGTT, reverse: GCCACCAGCTCAGTTAAAGG) and amplified using quantitative PCR (LightCycler 2.0, Roche).
Mitochondrial Activity
To isolate mitochondria, soleus muscle was homogenized using a conical glass homogenizer in 10 mL of Chappel-Perry isolation medium (100 mM KCL, 50 mM Tris-HCl, 5 mM MgCl 2 , 1 mM ATP, 1 mM EGTA, pH 7.5). Homogenate was then filtered through gauze and centrifuged 10 minutes at 900g. Supernatant was next centrifuged for 10 minutes at 9,000g, and the pellet was washed once with 15 mL of SHE medium (250 mM sucrose, 10 mM Hepes, 1 mM EGTA, pH 7.2). Finally, the supernatant was centrifuged for 10 minutes at 9,000g, and the resultant pellet was suspended in 100 μL of SHE medium. Protein concentration was determined using a Bradford assay. Complex IV activity was determined by adding 1 μg of mitochondria into a cuvette containing 1 mL of reaction buffer (10 mM KH 2 PO 4 , 250 mM sucrose, 1 mg/mL bovine serum albumin, 10 µM reduced cytochrome C [reduced using sodium hydrosulfite], 2.5 mM lauryl maltoside, pH 6.5). Activity was determined as the rate of decline in absorbance at 412 nM. Citrate activity was determined by adding 1 μg of mitochondria extract into a cuvette containing 500 μL of reaction buffer (100 mM Tris, 2 mM DTNB [5,5-dithiobis-2-nitrobenzoic acid], 4 mM oxaloacetic acid, 1 mM acetyl Co-A, pH 8.0). Activity was determined as the rate of increase in absorbance at 412 nM. Total activity was complex IV activity normalized to citrate activity as the average of two to three trials of each per sample.
Frailty and Frailty Intervention Assessment Value Determination
Assessment of frailty in mice involves five parameters that are designed to mirror parameters used in human Fried frailty assessment (21) . Similarly, we defined frailty in mice as those that fall below a cutoff in three or more parameters and prefrailty below a cutoff in one or two parameters. The first parameter is weight loss, with a cutoff of losing >5% body weight during a 1-week period. The next four parameters include cutoffs greater than 1.5 SD below the control group mean (15) . These parameters include grip strength, activity levels, gait speed, and endurance, which are derived from the grip force meter, quadrant crossings in the activity monitor, gait speed analysis, and treadmill endurance, respectively.
The frailty intervention assessment value (FIAV) was determined as described previously (23) . The score of the baseline assessment for each mouse (body weight change, grip force meter, quadrant crossings, gait speed analysis, and treadmill endurance) is converted to a Z score, which is the sample measurement minus the mean from all mice divided by the SD from all mice. The collective Z scores are summed to establish the baseline FIAV (FIAV1). End point FIAV (FIAV2) is similarly calculated from end point assessments, but calculated using the baseline mean and SD. Total FIAV score is thus the difference between FIAV2 and FIAV1.
Statistics
Statistical validation of comparisons between HIIT and sedentary groups was performed using a student's t test (XLStat software, Addinsoft, New York, NY) with significance levels defined as Note: HIIT = high intensity interval training. Mice were divided into intensity groups depending on baseline uphill sprint data (see Methods). Mice were moved up intensity groups if there was no difficulty in two consecutive sessions and down if unable to complete a session. Five such changes occurred in the first 2 weeks and only one thereafter. Base, sprint, and dash speeds increase 1 m/min every 2 weeks. High intensity interval training program in aged mice. Exercise was performed 3 days a week using a 10-minute exercise scheme (A). The scheme features a 3-minute warm-up period at a base speed, followed by three intervals of 1 minute at a constant sprint speed alternatively with 1 minute at base speed, finishing with a final 1-minute interval that accelerates from sprint to dash speeds. Base, sprint, and dash speeds are detailed in Table 1 (*) < .05, (**) < .01, (***) < .001, and (****) < .0001. Two-way analysis of variance, followed by post hoc Tukey's multiple comparisons test, was applied to analyze differences between young sedentary, old sedentary, and old HIIT, where applicable. All data were screened for potential outliers using a Grubb's test with a significance cutoff of 0.05. Data are provided with SD where applicable.
Results
Exercise Model for High Intensity Interval Training
The HIIT program was carried out on an inclined treadmill (25°). Initially, baseline uphill sprint assessments were used to assign mice to one of three intensity groups for training ( Table 1 ). The HIIT program consists of a warm-up period followed by four alternating intensity intervals ( Figure 1A) . The 10-minute program was administered to mice 3 days a week over 16 weeks with an increase in intensity every 2 weeks. Over the course of the experiment, three mice were reassigned to greater-intensity groups and three to lesserintensity groups based on performance (see Materials and Methods), with all but one doing so within the first 2 weeks. Initially, 7 of the 12 mice in the HIIT group were not able to complete the baseline exercise program before reaching exhaustion (completing on average 30.4% ± 12.6%). Following 16 weeks of HIIT exercise, these seven mice were retested on the baseline exercise program and completed 79.3% ± 26.9%, p = .0064 ( Figure 1B ).
Body Weight and Composition Analysis
As there is a natural decline in body weight as mice reach advanced ages (24, 25) , we set out to understand how HIIT might alter this natural progression. Interestingly, we did identify a deviation in the pattern of decline, as HIIT mice exhibited greater body weight at two time points (Week 10: HIIT 33.3 ± 4.0 g vs SED 30.3 ± 1.9 g, p = .0283, and Week 12: HIIT 32.8 ± 3.3 g vs SED 29.9 ± 1.3 g, p = .0097). Yet after 16 weeks of HIIT, our data reveal a similar decline in overall body weight in both HIIT and SED groups (HIIT 5.3 ± 3.7 g vs SED 5.4 ± 3.0 g; Figure 2A ). Despite no difference in body weight change, HIIT exercised mice consumed more food than did mice in the SED group (HIIT 9.9 ± 0.5 kcal/mouse/day vs 9.3 ± 0.6 kcal/mouse/day, p = .0155; Figure 2B ). We also performed dual X-ray absorptiometry at baseline and end point (DEXA; Figure 2C and D) to assess changes in bone mineral density, body fat percentage, and lean mass. We did not detect a significant difference in end point bone mineral density between HIIT and SED mice (Supplementary Figure S1) ; however, p values for greater bone mineral density after 16 weeks were 0.06 and 0.12 in HIIT mice and SED mice, respectively. Surprisingly, we observed a decline in body fat % in SED mice (Week 0: 21.7 ± 3.3% vs Week 16: 16.5 ± 3.1%, p = .0020), yet we did not observe such a decline in body fat % in HIIT mice (Week 0: 20.9 ± 7.1% vs Week 16: 17.8 ± 3.8%, p = .13). Both SED and HIIT mice exhibited a decline in total lean mass (SED Week 0: 26.8 ± 1.6 g vs Week 16: 23.9 ± 1.7 g, p = .0003 and HIIT Week 0: 27.0 ± 1.8 g vs Week 16: 24.2 ± 2.8 g, p = .0071).
Despite the similar declines in total lean mass, tissue analysis following sacrifice revealed that HIIT mice exhibit greater soleus muscle mass (HIIT 9.4 ± 1.7 mg vs SED 7.3 ± 1.0 mg, n = 12, p = .0013) and extensor digitorum longus muscle mass (HIIT 12.2 ± 1.2 mg vs SED 10.8 ± 1.0 mg, n = 9 and 6, p = .0334; Figure 2E ). Heart size was not significantly different between SED and HIIT exercised mice (p = .40; Figure 2F ). However, relative to sedentary young mice, old SED mice exhibit significantly greater heart size (young 143.6 ± 20.9 mg vs old SED 170.8 ± 12.7 mg, n = 7 and 6, p = .0150), whereas HIIT exercised older mice do not (young 143.6 ± 20.9 mg vs HIIT 158.6 ± 15.4 mg, n = 7 and 11, p = .19).
Physical Performance Assessments
HIIT results in physical performance gains in human studies yet the nature of the improvement (i.e. maximal strength, anaerobic/aerobic capacity, balance and coordination, etc.) is not entirely understood. To capture a physical performance profile, we undertook a battery of assessments at baseline and end point following 16 weeks of HIIT (Figure 3 ). Our data reveal marked improvement in grip strength (HIIT 10.9 ± 7.7% vs SED −3.9 ± 10.8%, p = .0016), gait speed (HIIT 107.0 ± 51.5% vs SED 39.0 ± 29.0%, p = .0009), and treadmill endurance (HIIT 32.6 ± 24.8% vs SED −2.0 ± 14.4%, p = .0004). We also developed an uphill sprint assessment protocol to Figure 2 . High intensity interval training (HIIT) exercise increases muscle mass in aged mice. Measurement of bodyweight (A) and average daily caloric intake (B) in sedentary and HIIT training mice over 16 weeks. At baseline and end point, body fat % (C) and total lean mass (D) were determined using DEXA. Following sacrifice, soleus and extensor digitorum longus (EDL) muscles were isolated and weighed (E). Heart weight was also determined from experimental cohorts and 10-month-old young sedentary mice (F).
further elucidate changes in anaerobic capacity and found that HIITtrained mice also improved (HIIT 29.3 ± 34.0% vs −15.6 ± 37.0%, p = .0052). In addition, the end point grip strength, treadmill endurance, uphill sprint, and gait speed performance in HIIT equaled or exceeded the performance of younger sedentary mice (Supplementary  Table S1 ). However, benefits were not observed across all domains of physical performance as we did not observe improvement in rotarod performance (HIIT −4.8 ± 16.4% vs SED 12.4 ± 33.4%, p = .12) or open field crossings between quadrants (HIIT −20.9 ± 33.8% vs SED −5.9 ± 39.4%, p = .33).
Analysis of Muscle Cell and Mitochondrial Quality
To characterize the underlying physiology driving physical performance phenotypes, we performed NADH histological analysis of anterior tibialis muscle ( Figure 4A ). Darker stained fibers correspond to increased amounts of NADH and corresponding greater aerobic capacity. First, we compared the cross-sectional area in the muscle fibers ( Figure 4B ) and found HIIT mice exhibited larger light stained muscle fibers than SED mice (HIIT 5,043.5 ± 717.2 μm 2 vs SED 4,282.9 ± 606.5 μm 2 , n = 11 and 12, p = .0119). However, we did not identify a statistically significant difference in the size of the dark-stained fibers in these mice (HIIT 2,222.4 ± 444.5 μm 2 vs SED 2,077.4 ± 237.1 μm 2 , n = 11 and 12, p = .33). Next, we determined the relative percentage of dark, intermediate, and light stained fibers ( Figure 4C ) and found that muscles from HIIT mice exhibited a greater number of dark fibers than did SED mice (HIIT 17.1 ± 4.4% vs SED 12.3 ± 3.4%, p = .0081) and fewer light stained fibers (HIIT 30.2 ± 9.7% vs SED 38.5 ± 7.7%, p = .0322), which is indicative of greater aerobic capacity.
To further explore potential changes in aerobic capacity, we assessed changes in mitochondrial biomass due to HIIT by analyzing whole DNA extracts from both soleus and anterior tibialis muscles using qPCR ( Figure 4D ). As expected, we found greater amounts of mitochondrial DNA (normalized to nuclear DNA) in both soleus and anterior tibialis muscles of HIIT exercised mice (soleus, HIIT 1.32 ± 0.07 vs SED 1.21 ± 0.10, p = .0048; TA, HIIT 1.35 ± 0.10 vs SED 1.22 ± 0.10, p = .0110). Biochemical analysis of complex IV activity and citrate activity revealed no statistically significant differences in normalized activity (complex IV activity/ citrate activity: HIIT 1.93 ± 0.78 vs SED 1.48 ± 0.45, p = .11); Figure 4E .
Reduction of Frailty
The Fried scale characterizes frailty in humans using the following five parameters: weight loss (>5% in 1 year), weakness (grip strength), slow walking speed, self-reported exhaustion, and low High intensity interval training (HIIT) alters muscle fiber type and mitochondrial biomass. Cross-sectional slices of tibialis anterior muscle from sedentary (SED) and HIIT mice were analyzed histologically using NADH staining (A). Images were analyzed with Motic software to determine fiber cross-sectional area (B) and distribution of light, intermediate, and darkstained fibers (C). Mitochondrial biomass was determined via quantitative PCR analysis of whole DNA purified from either soleus or tibialis anterior muscle (D). In addition, mitochondria were isolated from soleus muscle allowing for determination of complex IV activity as normalized to citrate synthase activity (E).
physical activity (21) . Individuals identified as possessing three or more of these parameters were considered frail, whereas having one or two is prefrail, and both frail and prefrail individuals showed greater risk of worsening mobility, risk of hospitalization, disability, and death (21) . We utilized mouse equivalents of these parameters in the assessment of frailty in aged mice. Frailty cutoff parameters included weight loss (>5% weight loss over 1 week), grip strength (grip force meter, <1.5 SD below group mean), gait speed (<1.5 SD below group mean), exhaustion (treadmill endurance, <1.5 SD below group mean), and low activity (open field crossing activity, <1.5 SD below group mean). Using this mouse frailty assessment tool, we detected three prefrail (below cutoff on one or two parameters) mice in the sedentary group ( Figure 5A ), and we detected one frail mouse (below cutoff on greater than three parameters) and five prefrail mice in the HIIT exercise group (Figure 5B ) at baseline. Of the eight mice that were frail or prefrail, six were below cutoff in grip strength, four in activity, two in endurance, and two in gait speed (Supplementary Tables S2 and S3 ). After 16 weeks, five of the six frail or prefrail mice in the HIIT group markedly improved, with four mice improving to a robust state (exhibiting no frailty parameters below cutoff). Several mice that were previously robust declined in both groups, and at the end point, there were three sedentary and four HIIT mice that were prefrail with no mice in either group being frail.
The frailty intervention assessment value (FIAV) is a composite score designed to provide objective determination of the benefits of an intervention (23) . Total FIAV represents the difference between baseline (FIAV1) and end point (FIAV2) scores, which are separately calculated as the sum of the differences between an individual animal's aggregate performance score and the mean, divided by the SD. Using FIAV analyses, we found HIIT-trained mice had a larger increase in FIAV relative to sedentary controls (7.3 ± 4.4 vs 1.7 ± 3.9, p = .0031; Figure 5C ). To further understand the relationship between frailty and FIAV scores, we analyzed whether the two scores correlated at either baseline ( Figure 5D ) or end point ( Figure 5E ) and found frailty and FIAV were correlated at baseline (R 2 = .24, p = .0161), but not at end point (R 2 = .15, p = .06).
Discussion
Frailty is a condition associated with greater vulnerability to adverse outcomes, for which sarcopenia and declines in physical performance are significant contributors (2). Exercise is increasingly being looked at as an intervention for frailty (8, (26) (27) (28) (29) , and a systematic review of eight clinical trials involving exercise in frail cohorts identified benefits, although the specific form (resistance training, endurance, etc.) that was most beneficial was unclear (28) . Here we demonstrate that 10-minute-long HIIT sessions, involving 4 minutes of intense running and administered only 3 days a week, significantly enhanced physical performance and reduced markers of frailty in aged mice. Parameters chosen for the characterization of frailty in mice mirrored the human parameters utilized in Fried and colleagues (21) . Baseline assessment of the 24-month-old mice (age equivalent of a 65-to 70-year-old human (30)) identified one frail mouse (4.1% of total) and eight prefrail (33.3%) mice, which is consistent with the percentage of frailty (~3.7%) and prefrailty (~41.5%) in 65-to 74-year-old participants in the Cardiovascular Health Study (21) . The most common parameters identified in our study were low grip strength (25%) and low activity (16.7%), whereas low grip strength (20%) and low endurance (24%) were identified in a clinical study of prefrail older individuals (31) . The 16 weeks of HIIT reduced frailty parameters in five of the six HIIT mice that were frail or prefrail at baseline, demonstrating both the ability to conduct frailty analysis in aged mice and to detect the benefits of HIIT for frailty. The utility of HIIT for maintaining or improving functional capacity in healthy older individuals is increasingly being examined (32, 33) , as is the possibility that HIIT is beneficial in those with comorbidities (34) . The present study raises the possibility that HIIT administered in a progressive manner and that is tailored to the individual may be beneficial as part of a therapeutic strategy in frailty in humans. Interestingly, 3 of the 12 (25%) HIIT mice failed to improve or worsened to a prefrail state, yet none of these mice exhibited more than one parameter below cutoff. This may be a reflection of the dynamic state of frailty. Interestingly there existed a natural fluctuation between robust and prefrail states in a community-dwelling elderly adults (35) . This notion also partially explains the improvement of two prefrail SED mice to robust. Frailty status did not substantially decline in the SED mice as they aged; however, this may be due to the relatively limited time span of the study. Future studies to monitor frailty status until death may be necessary to better understand frailty progression in mice.
Two studies have demonstrated that individualized high intensity exercises improved Barthel activities of daily-living (36) index scores (37, 38 ). Here we demonstrate that HIIT increases FIAV scores in aged mice, which has been described as a mouse equivalent to the Barthel ADL index (23) . Interestingly, although HIIT mice exhibited statistically significantly greater FIAV improvement than SED mice, our data show both HIIT and SED mice had greater FIAV scores at end point. These unexpected gains in the SED mice may be due to a learning effect in gait speed performance. We also found that the baseline FIAV score correlated with baseline frailty assessment, but the end point FIAV score narrowly missed attaining a statistically significant correlation with the end point frailty assessment. This finding suggests a close relationship between the two tools, yet our understanding of the utility and predictive power of mouse frailty or FIAV analysis would be strengthened by additional studies that identify correlations with survival and/or underlying pathology (14) .
The use of low time commitment exercise regimens is gaining traction as an alternative to traditional exercise since "lack of time" is a significant contributor to poor participation (6). Short exercise strategies that have improved health outcomes include single 4-minute bouts at 90% of maximal heart rate three times a week (7), three to six bouts of 30 seconds at max intensity (39) , and even just three bouts of 20 seconds three times a week (40) . Similarly, our exercise program yielded cellular, tissue, and functional benefits with only 4 minutes of high intensity exercise three times a week. Others have demonstrated benefits of HIIT in rats and mice (36, (41) (42) (43) ), yet to our knowledge, our protocol is the first to use HIIT with aged animals. Importantly, this study adds to the growing body of literature that suggests aged organisms respond well to exercise. Despite the short exercise times, we identified benefits that are consistent with other studies involving regular exercise in aged animals including increases in muscle mass and strength (44) , grip strength (45) , and mitochondrial biomass (46) . We also identified increases in muscle cross-sectional area that are observed in human trials using HIIT (47) .
Open field activity did not improve in HIIT mice, which is surprising given the improvements in gait speed and treadmill performance. However, this finding is similar to two other studies involving forced exercise protocols (48, 49) . Although the possibility that forced exercise is not beneficial to exploratory behavior in mice exists, examination of other forms of voluntary physical activity would aid understanding of this phenomenon. The lack of significant differences in body fat is also surprising in light of reported benefits of HIIT as reviewed by Boutcher (50) . However, HIIT may not always reduce body fat (51) , and the loss of body fat in our study may have been masked by the natural decline that occurs in mice during middle and advanced ages (52) .
The benefits of HIIT in humans is well reviewed (1, 53 ), yet there is some concern whether HIIT is safe during advanced ages (51) and whether HIIT might induce physiological strain (54) . Likewise, strength training also increases strength in frail older persons (55) , but such exercise may raise the concern for risk of fracture or other injury (56) . Injury concerns and overestimation of the effort to get involved in exercise programs are common barriers to exercise for older individuals, which might lead to inactivity and contribute to frailty progression (57) . Thus, to avoid potential injury and increase participation, a successful exercise regimen should be tailored to the individual and be adapted as the individual improves. Therefore, for our exercise protocol, we assigned mice to one of the three groups with increasing intensity depending on the baseline exercise capacity of each mouse. We also increased or decreased training intensity based on the ongoing performance of the mouse. Following the 4-month exercise protocol, mouse mortality rates were comparable to sedentary animals, and no animals died or were injured during the exercise protocol. These findings are consistent with the evidence that HIIT is safe for both healthy and frail older adults (8, 9, 27) and also supports individually tailoring exercise programs (58).
Conclusions
Our study demonstrates that a 10-minute, three times a week, 4-month progressive HIIT protocol improves frailty status in aged mice. Physical performance improved across multiple domains (strength, endurance, gait speed), but not all (balance and coordination and spontaneous activity). HIIT also improved underlying physiology including greater muscle mass, fiber cross-sectional area, and mitochondrial biomass. Our study demonstrates the feasibility and benefits of HIIT during aging and provides a framework to examine combinatorial therapeutic strategies that might further enhance these benefits. Furthermore, these findings suggest that tailoring progressive exercise protocols to the individual may offer a strategy for the safe improvement of health span in frail older adults.
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